Introduction
Ultraviolet (UV)-LEDs are of interest for a light source for exciting phosphor, medical equipment, an air cleaner and an environmental sensor. In particular, most of the phosphors for white fluorescent lamps have the high conversion efficiency of less than 370 nm UV spectral region [1] . Therefore, it is important to develop the high efficiency UV-LEDs that emit less than 370 nm light in order to fabricate high luminous white LEDs by coupling UV-LEDs and phosphors for the solid-state lighting applications. However, it is still difficult to manufacture high-brightness UV-LEDs due to the self-absorption effect of UV lights in the bulk GaN substrate, thick GaN buffer/contact layer under the active layer, or the p-type GaN contact layer which results in the lower external quantum efficiency. Therefore, GaN-free structure design is a key issue for enhancing the light extraction of UV-LEDs [2] . In this letter, the GaN-free vertical injections UV-LEDs were demonstrated by a combination of wafer bonding and laser lift-off techniques [3] . Furthermore, the chemical wet etching surface treatment processes were implemented to fabricate the roughened surface of UV-VLEDs for further light extraction enhancement of LED devices [4] . The electrical and optical properties of the UV-VLEDs will be reported.
Experiments
The UV-LED wafers used in this study were grown by low-pressure metal organic chemical vapor deposition onto c-face (0001) 2 in. diameter sapphire substrates. The LED structure comprised a 40-nm-thick GaN nucleation layer, a 2 um-thick undoped GaN layer, a 2 um-thick Si-doped n-type AlGaN cladding layer, an unintentionally doped active region of 365-nm emitting wavelength with five periods of AlGaN/AlGaN multiple quantum wells and a 0.15 μm -thick Mg-doped p-type AlGaN cladding layer. The fabrication process of VLEDs on Si began with the deposition of a highly reflective ohmic contact stack (Ni/Ag/Pt) and bonding metal stack Ti/Pt/Au on the p-side of LED wafer. The metal coated wafer was then flipped and bonded onto a Ti/AuSn-coated p-type conducting Si wafer at 300 ℃ for 30 minutes. The wafer bonded sample was then subjected to the LLO process to remove the sapphire substrate. Then the u-GaN was etched away to expose the n-AlGaN contact layer by an ICP etcher to form a GaN-free structure and another ICP etch is used to define mesa (750 µm x 750 µm). Following n-contact deposition and anneal, the surface is roughened by chemical wet etching process for light extraction propose. The top n-AlGaN surface was treated through a chemical etching using 45 % KOH by weight dissolved in ethylene-glycol solution at 120 ℃ for 90 sec. Finally, the GaN-free UV-VLEDs with roughened surface were obtained. For detail comparison, the conventional p-side up UV-LED was also fabricated using the same lot of UV-LED wafers.
Results and disscussions
Shown in fig. 1 were the schematic drawings of the conventional p-side up UV-LED and GaN-free UV-VLED. In order to perform the lower TDD of UV-LEDs, the AlGaN-based UV-LEDs were grown on the GaN-template in this study (as described above). However, it results in the self-absorption of UV-light in the GaN-template and reduces the EQE of UV-LEDs [ fig.  1 (a) ]. Therefore, the GaN-free structure design by state of the art VLEDs technique was proposed for light extraction enhancement [ fig. 1 (b) ]. The inserted scanning electron microscope micrograph was the surface morphology of UV-VLEDs after chemical wet etching surface treatment process for further luminance enhancement of UV-VLEDs. Current-voltage (I-V) and intensity-current (L-I) characteristics of conventional p-side up UV-LED and GaN-free UV-VLEDs with and without roughened surface were shown in fig. 2 . It was obviously observed that the UV-VLEDs presented the lower operating voltage comparing to that of conventional p-side up UV-LED due to the better current spreading of vertical conduction chip structure design. According to the corresponding L-I characteristics, the UV-VLEDs showed more linear characteristics up to 250 mA which indicating a good thermal dissipation management for the VLEDs structure formation. It is clearly observed that the light output power of UV-VLED was higher than that of conventional p-side up UV-LED. This result could be attributed to the reduction of self-absorption effect in GaN layer by the GaN-free UV-VLED structure. Furthermore, the UV-VLED with roughened surface showed the higher output power preference than that of UV-VLED without roughened surface. This presents the fact that light extraction from LED was definitely enhanced via the roughened surface on the top of n-AlGaN layer. It is noted that the illuminant intensity of GaN-free UV-VLED with roughened surface was increased by a factor of 2.3 compared to that of UV-LEDs without roughened surface at the driving current injection of 250 mA. Figure 3 shows the room-temperature electroluminescence (EL) spectra of the GaN-free UV-LEDs under 100 mA current injection. A sharp single peak emission ,where the peak wavelength and the full-width at half maximum were 365 nm and 8 nm, was observed. To further investigate the influence of GaN-free UV-VLED structure and roughened surface feature on light-output performance of the device, intensity distribution measurements were performed on UV-VLED and conventional UV-LED. Fig. 4 shows the photos of the devices under 100 mA current injections. Each light output intensity distributions were also shown in the same figure. It was obviously observed that the EL intensities of UV-VLED were clearly exceeded those of conventional UV-LED under the same injection current at the top surface area. Such an enhancement could be attributed to the self-absorption reduction of GaN-free structure design and the adopting of surface roughness process that photos could have a larger probability to emitted from the device and, thus, achieve even brighter LEDs. Besides, the UV-VLED presents the better current spreading property than that of conventional UV-LED. Lights emit evenly from the top surface area and no current crowding phenomenon observed. This result could ascribe to the vertical-injection device structure design which decreases the series-resistance of the device.
Conclusions
In summary, the GaN-free UV-VLEDs with roughened-surface structure were investigated. The self-absorption effect was decreased by the GaN-free structure design. The formation roughened-surface structure improves not only the surface emission area but the escape probability of photons due to the angular randomization of photos insides the LED structure. In addition, the vertical injection LED structure was demonstrated to achieve high brightness operation due to its excellent thermal dissipation and lower series-resistance. 
